Introduction {#S0001}
============

Melanoma is a highly immunogenic tumor as it is more sensitive to cell-based therapies and immunotherapies than chemotherapy and radiation.^[1](#CIT0001)^ Checkpoint inhibitors have revolutionized treatment of advanced melanoma by releasing suppression of T-cell immunity in the tumor milieu, by inducing durable clinical antitumor immune response, and supporting long-term survival in patients.^[1](#CIT0001)^ For example, pembrolizumab (Keytruda®) is a humanized antibody that binds to the programmed cell death-1 (PD-1) receptor on lymphocytes, and is recommended for cancers that express PD-L1.^[2](#CIT0002)^ Pembrolizumab binds to PD-1 on T cells which blocks its interaction with PD-L1 on tumor cells or other cells in the tumor microenvironment, thereby blocking the inhibitory signal to T cells.^[3](#CIT0003),[4](#CIT0004)^ Pembrolizumab was initially approved for metastatic melanoma.^[1](#CIT0001)^ The 2-yr survival rates of metastatic melanoma patients treated with checkpoint inhibitors range from 43% to 55%,^[5](#CIT0005),[6](#CIT0006)^ and suggest that additional treatment modalities of advanced melanoma warrant continued research, possibly involving combined treatment.^[1](#CIT0001)^ Hence, combinations of new immunotherapy technologies and immunotherapeutic agents are being studied with a specific focus on exposing tumor antigens in an immunogenic milieu.^[1](#CIT0001),[7](#CIT0007)^

ONCOS-102 (Ad5/3-Δ24-GM-CSF) is an engineered oncolytic adenovirus (Ad5/3) that expresses granulocyte-macrophage colony-stimulating factor (GM-CSF).^[8](#CIT0008)^ Its chimeric 5/3 capsid contains the fiber knob derived from Ad serotype 3, so infection can occur through binding of the desmoglein 2 receptor, which is often expressed on tumor cells.^[9](#CIT0009)^ Selective replication in tumor cells is provided by 24 bp deletion in the Rb binding site of the *E1A* gene restricting its replication to cells with p16-Rb pathway defects, such as most cancers.^[8](#CIT0008)^ The local production of GM-CSF by ONCOS-102 ensures local concentration but minimizes systemic exposure and toxicity associated with GM-CSF.^[8](#CIT0008)^ Thus, natural killer cells and tumor-specific CD8+ cytotoxic T-lymphocytes are recruited into tumors by ONCOS-102 in both animal models^[10](#CIT0010)^ and human studies.^[8](#CIT0008)^ In a phase I study, ONCOS-102 treatment of refractory and immune cell-poor solid tumors of different types showed disease control in 40% of patients and good tolerability of the treatment.^[11](#CIT0011)^ ONCOS-102 also induced a transient prominent influx of tumor infiltrating lymphocytes into the treated tumor lesions and increased PD-L1 expression on two treated mesotheliomas.^[11](#CIT0011)^ Vassilev et al.^[12](#CIT0012)^ reported that ONCOS-102 treatment induced antitumor immune responses: increased of CD8 + T-cell infiltration, stimulated development of CD8 + T-cell response to four tumor-associated antigens, and supported a 31 month survival of a patient with refractory stage 3 ovarian cancer. Under the Advanced Therapy Access Program, nine patients received ONCOS-102 treatment for refractory melanoma and two of the four patients evaluable by modified RECIST 1.1 criteria had an extended survival of greater than 2149 days and 559 days post treatment.^[13](#CIT0013)^ Furthermore, ONCOS-102 have shown to have significant cytotoxicity against five melanoma cell lines and one low passage human primary melanoma cells.^[13](#CIT0013)^ These results led to the speculation that ONCOS-102 could be combined with other therapeutic strategies, especially those inhibiting the immune checkpoint^[12](#CIT0012)^ for the treatment of melanoma.

Efficacy of checkpoint inhibitors are associated with tumors containing numerous novel tumor antigens due to mismatch repair deficiency^[14](#CIT0014)^ and the percentage of PD-L1 expressing cells in the tumor milieu, in a dose dependent manner with 1% PD-L1 being considered positive.^[15](#CIT0015)^ Cancer cell death can range from poorly immunogenic to immunogenic.^[16](#CIT0016)--[18](#CIT0018)^ Immunogenic cell death (ICD) involves cell surface structural changes and leads to release of proinflammatory cytokines, chemokines, and pro-immunogenic factors.^[17](#CIT0017),[18](#CIT0018)^ Antigen-processing cells (APCs) are attracted to the dying cells where they take up tumor antigens, process them, and elicit antitumor immune responses.^[17](#CIT0017),[19](#CIT0019)^ ICD biomarkers include pre-apoptotic calreticulin exposure in the outer plasma membrane, extracellular release of nonhistone chromatin high-mobility group box 1 protein (HMGB1), ATP secretion during the blebbing phase of apoptosis, and other processes.^[18](#CIT0018)^ Induction of ICD by ONCOS-102 would generate a tumor microenvironment dominated by Th1 and Th17 cytokines.^[20](#CIT0020),[21](#CIT0021)^ The co-administration of agents, such as anti-PD1 antibodies and ONCOS-102, may reactivate tumor infiltrating leukocytes against the numerous exposed tumor-associated antigens released by lysis as the final step of viral replication.^[21](#CIT0021)^

The present study was designed and performed to examine the benefits of a combination of the oncolytic adenovirus ONCOS-102 with the immunotherapeutic anti-PD-1 antibody, pembrolizumab in human melanoma cells *in vitro*, and in A2058 melanoma-engrafted mice. To investigate the potential efficacy of this combination, we used the severely immunodeficient NOG (NOD/Shi-*scid*/IL-2Rγ^null^) mouse engrafted with human cord blood stem cells as an in vivo model for human immune responses. After subsequent engraftment with a tumor^[22](#CIT0022),[23](#CIT0023)^ such as malignant melanoma cells, this model supports characterization of human immune responses to the tumor antigens. Our findings suggest that the combination showed varying *in vitro* cytotoxicity in the cell lines and showed antitumor effects in the melanoma-engrafted mouse model with a human reconstituted immune system.

Results {#S0002}
=======

Receptor expression in melanoma cell lines {#S0002-S2001}
------------------------------------------

The first step in assessing combination therapy with two diverse anticancer treatments against melanoma is to assess the presence of their receptors on multiple human melanoma cell lines (e.g. A375, A2058, SK-Mel2 and SK-Mel28). The CD46, desmoglein-2,^[24](#CIT0024)^ and CAR are receptors for Ad3, Ad3, and Ad5, respectively. As shown in [Figure 1](#F0001), the CD46 receptors for Ad3 fiber knobs, which should also bind the chimeric fiber protein in ONCOS-102 virions, were expressed on nearly all cells (≥ 98%) of the four cell lines. Desmoglein-2 proteins were expressed in 92.1% of A375 cells, 88.7% of SK-Mel2, and 99.1% of SK-Mel28 cells, but only 52% of A2058 cells ([Figure 1](#F0001)). Thus, the four chosen melanoma cell lines express receptors for the attachment and replication of the ONCOS-102. The Ad5 receptor, CAR, was observed in 20% of A375 cells, 40% of A2058 cells, 54% of SK-Mel-2 and 27% of SK-Mel-28 ([Figure 1](#F0001)). Pembrolizumab binds to the PD-1 protein expressed on activated T cells and blocks its interaction with PD-L1 expressed on many cancer cells.^[15](#CIT0015)^ PD-L1 expression was detected on 39% of A375 cells, 11% of A2058, 56% of SK-Mel-2, and 67% of SK-Mel-28 cells ([Figure 1](#F0001)). Thus, overall expression for all receptors of interest was in the order of SK-Mel-28 \> SK-Mel-2 \> A375 \> A2058 ([Figure 1](#F0001)).10.1080/2162402X.2018.1532763-F0001Figure 1.Expression of CAR, CD46, Desmoglein-2 and PD-L1 in human melanoma cells measured by flow cytometry (at least 10^4^ cells/events were analyzed by flow cytometry in one replicate experiment). Data are expressed as percentage of cells positive for the marker.

Cytotoxicity of ONCOS-102 and pembrolizumab treatments {#S0002-S2002}
------------------------------------------------------

The effect of ONCOS-102, pembrolizumab, and combination of the two agents were assessed in vitro at 24 h, 48 h, and 72 h post treatment in the four melanoma cell lines A375, A2058, SK-Mel-2 and SK-Mel-28 (Supplementary Figure 1A, 1B, 1C, 1D, respectively). Addition of pembrolizumab along with ONCOS-102 did not significantly alter cell viability for any human melanoma cell line (Supplementary Figure 1) although cell viability in A2058 at 24 h was higher with combination therapy (Supplementary Figure 1). SK-Mel-2 and A375 melanoma cell lines were more sensitive to oncolytic activity of ONCOS-102 than the A2058 and SK-Mel-28 melanoma cell lines (Supplementary Figure 1).

Apoptosis and necrosis {#S0002-S2003}
----------------------

Since necrosis can increase immunogenic activity of lyzed cells, the ONCOS-102 treated cells were stained with annexin V and propidium iodide (PI) to determine the predominant mechanism of cell death: annexin V-positive/PI-negative staining indicated early apoptosis or early necrosis whereas annexin V-positive/PI-positive staining indicated necrosis.^[25](#CIT0025)^ Before ONCOS-102 treatment, SK-Mel-28 had a higher percentage of cells with annexin V staining than cells with PI staining. The kinetics of early apoptosis and necrosis in ONCOS-102 treated SK-Mel2 and SK-Mel-28 cells (1000 viral particles (VP)/cell) was cell line specific. After ONCOS-102 treatment, SK-Mel-2 showed a greater increase in early apoptotic cell death and necrotic cell death over time than SK-Mel-28 (Supplementary Figure 2). Oncolysis was significantly higher at 72 h and 96 h in SK-Mel-2 cells (Supplementary Figure 2).

[Figure 2](#F0002) shows the effect of various doses of ONCOS-102, with and without pembrolizumab, on both necrosis and apoptosis in the four cell lines. Pembrolizumab at 200 and 400 µg did not significantly increase early apoptosis or necrosis in these cell lines ([Figure 2](#F0002)). ONCOS-102 treatment, with and without pembrolizumab, more frequently induced apoptosis in A375 (39% and 31%, respectively), A2058 (38% and 36%, respectively), and SK-Mel-2 (30% and 25%, respectively) cells ([Figure 2A](#F0002)-[2C](#F0002)). Although SK-MEL-28 cells had high spontaneous backgrounds in the assays (49% and 37.6%), ONCOS-102 treatment increased the apoptotic marker to 76.3% and the necrotic marker to 47.1% ([Figure 2D](#F0002)). Treatment with ONCOS-102 induced a higher frequency of necrotic cell death in SK-MEL-28 cells (47%) than in A2058 (14%), A375 (5%), and SK-Mel-2 (3%) ([Figure 2](#F0002)).10.1080/2162402X.2018.1532763-F0002Figure 2.Effects of ONCOS-102 and pembrolizumab on annexin V (A) and propidium iodide staining (B) in human melanoma cell lines after 72 h (A375, SK-Mel-2) and 96 h (A2058, SK-Mel-28). Data are expressed as percentage of cells staining positive. Analyses were performed in one replicate experiment.

Immunogenic cell death {#S0002-S2004}
----------------------

To study the extent of immune stimulation by ONCOS-102 treatment, we chose to examine calreticulin (CRT) exposure, ATP secretion, and cell death-associated release of the nonhistone chromatin protein high-mobility group box 1 (HMGB1).^[17](#CIT0017),[18](#CIT0018)^ In general, pembrolizumab co-treatment did not induce significantly higher CRT exposure in the cell lines ([Figure 3A](#F0003)). As shown in [Figure 3A](#F0003), ONCOS-102 treatment induced moderate to high CRT exposure in percentage of the four melanoma cell lines, suggesting that endoplasmic stress resulting in CRT exposure was a part of mechanism of ONCOS-102 induced cell death.10.1080/2162402X.2018.1532763-F0003Figure 3.Effects of ONCOS-102 and pembrolizumab treatment on three indicators of immunogenic cell death in human melanoma cell lines after 72 treatment. A. Calreticulin exposure. B. ATP release in human melanoma cell lines after 72 treatment. C. Effects of ONCOS-102 and pembrolizumab on HMGB1 release in human melanoma cell lines after 72 treatment. Data are expressed as percentage of cells staining positive for specific marker. Analyses were performed in two replicates experiment.

ONCOS-102 treatment had different effects on ATP release from the four melanoma cell lines: While ATP release increased from SK-MEL-2 at higher ONCOS-102 inocula (100 and 1000 VP/cell), it was lower in SK-MEL-28 and A2058, and was not affected in A375 cells ([Figure 3B](#F0003)). Pembrolizumab co-treatment showed no effects on ATP release in SK-MEL-2 and A375 but led to decreased ATP release in SK-Mel-28 cells ([Figure 3B](#F0003)). However, the effects of pembrolizumab co-treatment on ATP release in A2058 cells varied with the dose of ONCOS-102 ([Figure 3B](#F0003)). No significant HMGB1 release was seen after ONCOS-102 treatment, with or without pembrolizumab, in any of the four melanoma cell lines ([Figure 3C](#F0003)). In summary, ONCOS-102 treatment augmented CRT exposure which may be one mechanism that contributes to the immunogenic properties of cell death by ONCOS-102 treatment.

Antitumor effects of ONCOS-102 and pembrolizumab in humanized NOG mice bearing A2058 tumors {#S0002-S2005}
-------------------------------------------------------------------------------------------

The hu-NOG mice were characterized for sufficient engraftment of the human hematopoietic stem cells (mean range: 52% to 59%; individual range: 22% to 93%) after 14 weeks by assessing the blood cells for expression of human CD45 found on most hematopoietic cells.^[26](#CIT0026)^ The humanized NOG mice were engrafted with A2058 melanoma cells on day 0, and the mice were randomized into eight groups on Day 14 with similar mean volumes of right and left tumors and mean human BM engraftment of 56% (Supplementary Figure 3). On first day of treatment (Day 16), the mean volumes of left tumors in the eight groups ranged from 39.5 mm^3^ to 59.2 mm^3^ and right tumors ranged from 50.8 mm^3^ to 85.1 mm^3^. ONCOS-102 (intratumor) and/or pembrolizumab (i.v.) were administered on days 15, 17, 19 post A2058 engraftment to the appropriate groups, and pembrolizumab iv treatment continued every 3--4 days until sacrifice.

Body weight and tumor volumes were measured three times per week. Body weight decreased in all groups with no significant difference in body weight loss between the groups (Supplementary Figure 4).

Right and left tumor volumes were compared on day 26 and day 40 among the groups. Volumes of the left tumors or the right tumors on day 26 or on day 40 were not significantly different between the groups ([Figure 4A](#F0004), B). Pooling the left and right tumor volume data for all groups revealed 51.5% tumor volume reduction (*P* = 0.0205) in the ONCOS-102 treated group relative to the vehicle-treated group on day 40 ([Figure 4C](#F0004), D). Pembrolizumab alone did not show any significant antitumor effects ([Figure 4C](#F0004), D). However, in the presence of ONCOS-102, 200 and 400 µg doses of pembrolizumab significantly reduced tumor volume by 61% (P = 0.0242) and 69% (P = 0.0047), respectively ([Figure 5C](#F0005), D). Tumor volume reduction with combined therapy (200 and 400 µg doses of pembrolizumab i.v. plus ONCOS-102 in the right tumor) was 49.7% (P = 0.013) and 41% (P \> 0.05), respectively ([Figure 4C](#F0004), D).10.1080/2162402X.2018.1532763-F0004Figure 4.Effects of ONCOS-102 and pembrolizumab treatments on tumor volume of A2058 engrafted hu-mice. A. Tumor volume on day 26 for right and left tumor. B. Tumor volume on day 40 for right and left tumor. C. Tumor volume throughout the treatment (pooled for right and left tumors). D. Tumour volume on day 40 (pooled for right and left tumors). Data represent mean ± SEM. \**P *\< 0.05, \*\**P *\< 0.01 vs vehicle. Groups: 1--6 had 8 animals/group, groups: 7--8 had 6 animals/group.10.1080/2162402X.2018.1532763-F0005Figure 5.Effects of ONCOS-102 and pembrolizumab on number of liver nodules in each mouse at time of sacrifice (day 40). Data represent mean ± SEM. Groups: 1--6 had 8 animals/group, groups: 7--8 had 6 animals/group.

Subsequent FTV^[17](#CIT0017)^ analysis was performed to assess the possibility of synergistic interaction between these two modalities ([Table 1](#T0001)). Synergistic antitumor interactions were observed in group V (ONCOS-102 + pembrolizumab 200 µg) and group VI (ONCOS-102 + pembrolizumab 400 µg) on day 37.10.1080/2162402X.2018.1532763-T0001Table 1.Assessment of therapeutic synergism using the FTV calculation method. The expected FTV (i.e., the product of FTV values for monotherapies (ONCOS-102 or Pembrolizumab)) of the combination therapy (ONCOS-102 plus Pembrolizumab) is divided by the observed FTV of the combination, yielding a ratio that indicates the nature of the interaction (\> 1 indicates synergy and \< 1 indicates a less than additive effect). FTV foreach experimental group is obtained by dividing the mean tumor volume of the experimental group (ONCOS-102 or Pembrolizumab) by the mean tumor volume of the control group (mock).DayFTV for monotherapyONCOS-102 + Pembro 200 μgONCOS-102 + Pembro 400 μgPembro 200 μgPembro 400 μgONCOS-102Expected FTVObserved FTVRatio\
(Expected/\
Observed)Expected FTVObserved FTVRatio\
(Expected/\
Observed)260,950,870,880,830,76**1,1**0,770,870,88370,911,260,680,620,42**1,47**0,860,40**2,14**

Effects of ONCOS-102 and pembrolizumab on liver metastases {#S0002-S2006}
----------------------------------------------------------

On day 40, all animals were examined for the presence and degree of liver metastases after sacrifice. No significant differences were observed in numbers of liver nodules between the groups ([Figure 5](#F0005)).

Immune cell infiltration of tumors {#S0002-S2007}
----------------------------------

After tumors were harvested and weighed, tumor infiltrating lymphocytes were characterized by cell surface staining with the T-cell markers, human CD3,^[27](#CIT0027)^ CD4 and CD8.^[28](#CIT0028)^ Although no difference was observed in percentage of human CD45+ cells in the left tumor, the percentage of hCD45+ was higher in the ONCOS-102 + Pembrolizumab 200 µg group relative to the vehicle-treated group (*P* \> 0.05) ([Figure 6A](#F0006)). Percentage of hCD3 + T cells was higher in ONCOS-102-treated groups in left and right flanks relative to the vehicle-treated group ([Figure 6B](#F0006)).10.1080/2162402X.2018.1532763-F0006Figure 6.Effects of ONCOS-102 and pembrolizumab on number of hCD45+ leukocytes. A. Number of hCD45+ leukocytes per gram of tumor on left and right flank. B. Percentage of hCD3+ leukocytes among hCD45+ leukocytes in tumors on left and right flank. The populations were gated with forward and side scattering (FSC-A/SSC-A dot plot) in leukocytic regions (at least 10^4^ cells/events were analyzed by flow cytometry, 6--8 tumors/experimental group have been analysed in one experimental replicate). Flow cytometry analysis was performed on FlowJo v10 software. Data represent mean ± SEM. n = 2--6, P\* \< 0.05, P\*\* \< 0.01 vs vehicle.

ONCOS-102 treatment, with and without pembrolizumab, induced a significant increase in numbers of intratumoral CD8 + T cells ([Figure 7A](#F0007)). However, ONCOS-102 treatment was associated with a decrease in CD4 + T cells ([Figure 7B](#F0007)) in both right and left tumors ([Figure 7A](#F0007)). A significant increase in CD8 + T cells was seen in the right flank tumors of ONCOS-102 treated mice ([Figure 7A](#F0007)). Pembrolizumab 200 µg and 400 µg groups showed no effects on CD8 + T cells relative to vehicle-treated mice ([Figure 7A](#F0007)). No significant difference was seen in the PD-L1 expression of the tumor cells in any of the groups ([Figure 7C](#F0007)).10.1080/2162402X.2018.1532763-F0007Figure 7.Effects of ONCOS-102 and pembrolizumab on subsets of leukocytes in tumors on left and right flank. A. Percentage of hCD8+ leukocytes among hCD3+ leukocytes. B. percentage of hCD4+ leukocytes among hCD3+ leukocytes. C. Percentage of PD-L1+ leukocytes in tumors. The populations were gated with forward and side scattering (FSC-A/SSC-A dot plot) in leukocytic regions (at least 10^4^ cells/events were analyzed by flow cytometry, 6--8 tumors/experimental group have been analysed in one experimental replicate). Flow cytometry analysis was performed on FlowJo v10 software. Data represent mean ± SEM.

Discussion {#S0003}
==========

Patients with metastatic melanoma have a 5-year survival rate of approximately 20%,^[29](#CIT0029)^ which suggests that despite the effectiveness of checkpoint inhibitors in a minority of patients with metastatic melanoma,^[5](#CIT0005),[6](#CIT0006)^ new therapeutic combinations and modalities are clearly warranted.^[30](#CIT0030)^ Since metastatic melanoma is more sensitive to immunotherapeutic agents and adoptive cell therapies than treatment with chemotherapy and radiation, combining two agents that can induce and increase antitumor immune responses by distinct mechanisms may augment efficacy. The aims of this study were to characterize the *in vitro* interactions and use a humanized mouse model that mimics human immune responses to evaluate the antitumor effectiveness of the combination of two agents that augment immune responses: the oncolytic adenovirus ONCOS-102 and the checkpoint inhibitor, pembrolizumab, which blocks the PD1:PD-L1 inhibitory signalling pathway in T cells.

Oncolytic viruses have been tested in preclinical studies and in numerous clinical trials against various tumor types, have a tolerable safety profile, and show varying degrees of efficacy.^[8](#CIT0008),[10](#CIT0010)--[12](#CIT0012),[31](#CIT0031)--[40](#CIT0040)^ Their advantages include lysis of infected tumor cells, release of tumor antigens in an immunogenic milieu, and viral infection of adjacent tumor cells. In addition, adenoviruses that bind to desmoglein 2 in epithelial cells enable the transient opening of intercellular junctions, improve access to receptors trapped in intercellular junctions, such as CD46,^[24](#CIT0024)^ and facilitate viral spread and movement of drugs, antibodies, oncolytic viruses, and immune cells to tumor sites.^[24](#CIT0024),[41](#CIT0041)^ This study investigated the anticancer effects of ONCOS-102 in combination with the PD-1 inhibitor, pembrolizumab, both *in vitro* in human melanoma cell lines and in a humanized mouse model bearing A2058 melanoma tumor nodules.

Human adenovirus serotype 5 is a species-specific virus. It does not replicate to the same extent as in humans in most animal models. Therefore, humanized animal model has been developed in order to assess both oncolytic properties of the virus and immunomodulatory assets of investigated agents in cancer treatment. The virus entry receptor DSG-2 has been found to be expressed by human A2058 cells, however not by NOG mouse. Therefore, the virus was not able to replicate in murine tissueONCOS-102 treatment reduced the viability of the four melanoma cell lines with varying kinetics: two cell lines (A375 and SK-Mel2) were more sensitive to ONCOS-102 than the A2058 and SK-Mel-28 cell lines. Responsiveness of the four melanoma cell lines to ONCOS-102 was SK-Mel28 \> SK-Mel2 \> A375 \> A2058, consistent with the expression levels of the receptors for the chimeric Ad/5/3 virus, ONCOS-102. In agreement, ONCOS-102 also showed cytotoxicity on three additional melanoma cell lines (Mel624, C8161, and Mel888) and one primary early passage melanoma cells, pMelL.^[13](#CIT0013)^ As expected, pembrolizumab did not significantly increase cytotoxicity of ONCOS-102 in any of the cell lines since it binds to T cells and not the tumor cells.

Oncolytic adenoviruses, after replication in the tumor cells, induce cell death and release progeny that can infect nearby tumor cells. Cell death by necrosis (annexin V/PI+) rather than apoptosis (annexin V+) is considered to be more immunogenic.^[25](#CIT0025)^ Here, ONCOS-102 treatment induced higher levels of necrosis in SK-Mel-28 \> A2058 cells \> A375 \> SKMel2 cells in a predominantly dose dependent manner, regardless of the status of pembrolizumab. The presence of these three biomarkers during cell death― calreticulin exposure on the cell surface, excess ATP release, and HMGB1 release― usually indicate a more immunogenic cell death^[18](#CIT0018)^ than if they remain at baseline. ONCOS-102 treated melanoma cells (1000 vp, 72 hrs) induced CRT exposure in 115% to 516% of cells (A375 \> SK-Mel-2\> A2058 \> SK-Mel-28), which was much higher in percent CRT exposure in ONCOS-102 treated mesothelioma cells (range: 6% to 23%).^[17](#CIT0017)^ ONCOS-102 treated melanoma cells (72 hrs) showed higher ATP release in SK-Mel-2, no significant changes in A2058 and A375 and modest decline with higher inoculum in SK-Mel-28. Significant HMGB1 release was not observed after ONCOS-102 treatment, with or without pembrolizumab in these four melanoma cell lines, whereas ONCOS-102 treatment of three mesothelioma cell lines had increased HMGB1 release by 4 to 13 ng/ml compared to the uninfected cells.^[17](#CIT0017)^ In general, pembrolizumab co-treatment did not induce significantly higher CRT exposure, ATP release, nor HMGB1 release in the melanoma cell lines. These data suggest that CRT exposure may contribute to the immunogenic nature of ONCOS-102 induced lysis of melanoma cell lines, but other mechanisms are probably involved.^[18](#CIT0018)^

A2058 melanoma cells were chosen for engraftment of tumor xenografts in humanized NOG mice (designated as day 0); and mice were sacrificed on day 40 of the study. Approx. 11% of A2058 cells expressed PD-L1; thus, the A2058 melanoma cell line is considered PD-L1 positive and its PD-L1 expression level falls within the patient groups that had higher durable responses to checkpoint inhibitors,^[15](#CIT0015)^ such as pembrolizumab. Although the treated groups lost weight, the weight loss was similar to the vehicle group, consistent with mild adverse events observed after ONCOS-102 treatment of humans.^[11](#CIT0011)^ ONCOS-102 treatment and combination therapy, but not pembrolizumab alone, significantly reduced tumor volumes by 52% to 69% relative to the vehicle group. Although the group 7 (OV right tumor + pembrolizumab 200 µg) had no deaths, the mortality rates were not significantly different between the groups. Metastases were not significantly affected by any treatment. FTV analysis for synergism revealed that the combination therapy groups V and VI (\[ONCOS-102 + pembrolizumab 200 µg\] and \[OV + pembrolizumab 400 µg\]) showed synergistic interactions of antitumor efficacy on day 37.

ONCOS-102 therapy has induced an immune response in many tumor types.^[11](#CIT0011)--[13](#CIT0013)^ Treatment of the A2058 xenografts with ONCOS-102 and the combination therapy increased the percentage of CD3 + T cells (left and right tumors) and CD8 + T cells (right tumor), but recruited fewer CD4 + T cells in both flank tumors. In comparison, the ONCOS-102 treated tumors in the phase 1 study observed an increase of CD3 + T cells and CD8 + T cells,^[11](#CIT0011)^ suggesting the predictive value of the hu-mouse model. However, the ONCOS-102 treated tumors in the phase I study also showed an increase in recruitment of CD4 + T cells to the injected tumors,^[11](#CIT0011)^ which confirms that the hu-mouse model may not fully predict all aspects of the human antitumor immune responses during clinical trials. Although treatment with checkpoint inhibitors often is associated with lower PD-L1 expression in human studies, no significant difference was seen in PD-L1 expression in the tumors between the hu-mice groups.

Limitations of this study include probable MHC mismatches between the cord blood donor reconstituted human immune system in the hu-mice and the HLA type of the A2058 melanoma cell line. Although the hu-mice based melanoma model more closely mimics the immune responses of the diverse human population, these responses may not totally recapitulate the human antitumor immune responses in patients with melanoma. However, the hu-mouse models probably provide a better approximation to the clinical setting than syngeneic mouse models. Several studies suggest that transient hindering of the immune responses may allow wider spread of the oncolytic virus and increase efficacy.^[17](#CIT0017),[30](#CIT0030)^ In contrast, other studies suggest that viral therapy can be enhanced by blockage of the PD-1:PD-L1 interaction and the combined therapy can increase antitumor efficacy.^[42](#CIT0042)^

In summary, synergistic antitumor effects were observed in the humanized mice treated with the combination of ONCOS-102 and pembrolizumab as demonstrated by reduced tumor volumes. Our results lead us to hypothesize that ONCOS-102 induced cell death of the tumor cells by recruiting immune cells to the tumor environment. Pembrolizumab may then help to activate the T cells by suppressing the PD-1:PD-L1 mediated inhibition of T cell signalling. Our results show that the combination of ONCOS-102 and PD-1 inhibitors, such as pembrolizumab, could be beneficial in treatment of melanoma. These findings warrant the clinical testing of ONCOS-102 in combination with immune checkpoint inhibitors, including PD-1 inhibitors, for treatment of advanced melanoma.

Materials and methods {#S0004}
=====================

Cell lines {#S0004-S2001}
----------

Melanoma cell lines, A2058 (ATCC® CRL-1147™), A375 (ATCC® CRL-1619™), SK-Mel-2 (ATCC® HTB-68™) and SK-Mel-28 (ATCC® HTB-72™), were cultured in DMEM high glucose medium supplemented with 10% FCS and penicillin/streptomycin. Trypsin-EDTA was used to detach and sub-culture cells at 80% confluence for *in vitro* assays. Phosphate-buffered (PBS)-EDTA (10 mM) was used to detach A2058 melanoma cells before suspension of 20 × 10^6^ cells in isotonic PBS for subcutaneous injection. All cell lines were maintained in a humidified atmosphere containing 5% CO~2~ at 37ºC. Cells were plated in 96 well plates (10^4^ cells/well) or, if indicated 24 well plates (5 × 10^4^ cells/well), and incubated for 24 hrs before being treated as indicated in the following in vitro assays.

Receptor expression {#S0004-S2002}
-------------------

The expression of CAR, CD46, desmoglein-2, and PD-L1 on the four untreated melanoma cell lines grown in tissue culture was detected by specific staining with rabbit polyclonal anti-CAR antibody (ThermoFisher Scientific, PA5-12476), recombinant human anti-CD46 antibody (Miltenyi Biotec, 130--104-559), mouse monoclonal anti-desmoglein antibody (ThermoFisher Scientific, 12--9159-42) and human anti-PD-L1 antibody (Biolegend, 329708), respectively by flow cytometry (at least 10^4^ events were analysed for each marker and cell line). Alexa Fluor® 488 secondary antibodies were used after each primary antibody.

Cell viability {#S0004-S2003}
--------------

Cell viability was evaluated by using the MTS Cell Proliferation Assay kit (Abcam) according to the manufacturer's instructions with the following modifications. MTS assay kit is a colorimetric method for the sensitive quantification of viable cells. It can be used to assess cell proliferation, cell viability and cytotoxicity. The MTS assay is based on the reduction of the MTS tetrazolium compound by viable mammalian cells to generate a colored formazan dye that is soluble in cell culture media. This conversion is thought to be carried out by NAD(P)H-dependent dehydrogenase enzymes in metabolically active cells. The formazan dye is quantified by measuring the absorbance at 490 nm. Cells were incubated with and without 0.1, 1, 10, 100 and 1000 viral particles (VP) of ONCOS-102/cell and/or 50 µg/mL pembrolizumab for 24, 48 and 72 h. After 20 μl MTS reagent was added to 200 µL of well contents, plates were incubated for 0.5--4 h at 37ºC in standard culture conditions. The plates were shaken briefly on a shaker and absorbance measured at 490 nm. Absorbance values for untreated cells were set to correspond to 100% viability, and viability of treated cells was expressed as a percentage of the untreated control absorbance value.

Apoptosis and necrosis {#S0004-S2004}
----------------------

Induction of apoptosis by ONCOS-102 and pembrolizumab was measured by using an Alexa Fluor® 488 Annexin V/Dead Cell Apoptosis Kit (ThermoFisher Scientific). Briefly, cells in 24 well plates were treated with and without ONCOS-102 and/or pembrolizumab for either 72 h (A375 and SK-Mel-2 cells) or for 96 h (A2058 and SK-Mel-28 cells). The cells were harvested and washed in cold PBS. After centrifugation, the cell pellets were resuspended in 1X annexin-binding buffer and diluted to approximately 1 × 10^4^ cells in 100 µL per assay. Five microliters Alexa Fluor® 488 Annexin V and 1 µL of 100 µg/mL PI solution were added to 100 µL of cell suspension. After incubation at room temperature for 15 min, 400 µL 1X annexin-binding buffer was added, mixed gently and the samples stored on ice until measurement of fluorescence emission at 530 nm and \> 575 nm from stained cells by flow cytometry.

Immunogenic cell death {#S0004-S2005}
----------------------

Calreticulin exposure was measured in cells that were grown in 24 well plates and treated for 72 hrs as indicated, harvested, washed twice with PBS and fixed in 0.25% paraformaldehyde in PBS for 5 min. After washing twice in cold PBS, cells were incubated with primary anti-calreticulin antibody (Abcam, Ab 83220) in cold blocking buffer. After washing and incubation with FITC-conjugated secondary antibody in blocking buffer for 30 min, samples were analyzed by flow cytometry to identify cell surface calreticulin (CRT). Secondary antibody alone was used as a control and gating of fluorescent intensity of stained cells was done on PI-negative cells.

ATP release was measured by using the ATP Assay Kit (Abcam Ab 83355) according to the manufacturer's instructions. Briefly, A375 and SK-Mel-2 cells were incubated for 72 h and A2058 and SK-Mel-28 cells for 96 h with ONCOS-102 and/or Pembrolizumab as indicated. Cells were washed with cold PBS and resuspended in 100 µL ATP assay buffer. Cell suspension was homogenized and then centrifuged for 5 min at 4ºC at 13,000 *g*, and the supernatant was stored on ice. ATP reaction mix (50μl) was added to standard and sample wells, and 50 µL of background reaction mix was added to background control sample wells. After incubation at room temperature for 30 min in the dark, absorbance of the quinoneimine dye was measured at 570 nm.

For the HMGB-1 ELISA, cells in 24-well plates were treated as indicated. Supernatants were collected after 96 h for A2058 and SK-Mel-28 cells and after 72 h for A375 and SK-Mel-2 cells. The assay was performed using the HMGB1 ELISA kit (IBL International, ST51011) according to manufacturer's instructions with the following modifications. Briefly, the plates containing the standards, positive control, and treated samples were incubated for 24 h at 37ºC. After well contents were discarded, wells were washed 5X with 400 µL diluted wash buffer. Anti-HMGB1-horseradish peroxidase-conjugated antibody was added to each well and incubated for 2 h at 25ºC. After plates were washed again, color solution (100 μL) containing 3,3ʹ,5,5ʹ-Tetramethylbenzidine (TMB) and hydrogen peroxide solution were added to each well and incubated for 30 min at 25ºC. Stop (0.35M sulphuric acid) solution (100 μL) was added to each well and the contents mixed by shaking the plates gently. Absorbance was measured at 450 nm and reference wavelength of 600--650 nm within 60 min.

Mice {#S0004-S2006}
----

Four week-old NOD/Shi-*scid*/IL-2Ry^null^ immunodeficient (NOG) mice received chemical myoablative treatment and were reconstituted two days later with human stem cells by intravenous injection of one of six cord blood-derived CD34+ hematopoietic stem and progenitor cells (60,000 cells per mouse; French Blood Bank, anonymized). Fourteen weeks after these injections, flow cytometry (Atune, Life Technologies) was used to assess the composition of the human CD45+ leukocytes in the blood. Humanization rate was defined as the ratio of circulating CD45+/total CD45+ (mCD45 and hCD45).

Sixty humanized mice (24 males, 36 females) with mean humanization rate of 56% from six different cord blood samples were chosen for this study. On day 0, 60 humanized NOG mice were injected subcutaneously in each flank with 0.1 mL suspension containing 2 × 10^6^ A2058 melanoma cells. Fourteen days after tumor challenge, the mice were randomized based on tumor size (left and right) and humanization rate. Treatment details have been described in [Table 2](#T0002). Tumor dimensions (length (L) and width (W)) were measured three times per week with calipers and volumes calculated by using the formula (L × W^2^/2). Body weight was also measured before the tumor engraftment and three times per week after engraftment. Weight loss of \> 20%, tumor volume \> 1000 cu.mm, and end of study on day 40 were endpoint criteria for sacrifice.10.1080/2162402X.2018.1532763-T0002Table 2.Treatment groups in antitumor study of ONCOS-102 and pembrolizumab. Administration of ONCOS-102\
(2.5 × 10^6^ VP/tumor)  GroupLeftRightPembrolizumab\
(*i.v*.) per mouseMode and Days of administrationI\
(Vehicle)-(PBS)-(PBS)-(PBS)Days 15, 17, 19 intratumoral\
i.*v*. on days 15, 17, 19 and every 3--4 days throughout studyII\
(ONCOS-102)++-Days 15, 17, 19 intratumoralIII\
(Pembro 200 µg)\--200 µg*i.v*. on days 15, 17, 19 and every 3--4 days throughout studyIV\
(Pembro 400 µg)\--400 µg*i.v*. on days 15, 17, 19 and every 3--4 days throughout studyV\
(ONCOS-102 + Pembro 200 µg)++200 µgOV: Days 15, 17, 19 intratumoral\
Pembrolizumab: i.*v*. on days 15, 17, 19 and every 3--4 days throughout studyVI\
(ONCOS-102 + Pembro 400 µg)++400 µgOV: Days 15, 17, 19 intratumoral\
Pembrolizumab: *i.v*. on days 15, 17, 19 and every 3--4 days throughout studyVII\
(ONCOS-102 Right flank + Pembro 200 µg)-+200 µgOV: Days 15, 17, 19 intratumoral\
Pembrolizumab: *i.v*. on days 15, 17, 19 and every 3--4 days throughout studyVIII\
(ONCOS-102 Right flank + Pembro 400 µg)-+400 µgOV: Days 15, 17, 19 intratumoral\
Pembrolizumab: *i.v*. on days 15, 17, 19 and every 3--4 days throughout study[^2]

All animal studies were reviewed and approved by the local ethics committee (01_TransCureBioServices-AB-01). Three to five mice were housed in ventilated type II cages (16 x 19 × 35 cm, 500 cm^2^ floor area) at room temperature (22 ± 2ºC), 55 ± 10% humidity, 12/12-hour light-dark cycles (light 7 AM to 7 PM) and water and food *ad libitum*.

Immune cell infiltration and PD-L1 expression level {#S0004-S2007}
---------------------------------------------------

The percentage and absolute number of human immune cell populations and tumor cells were monitored by flow cytometry: human CD45+ (Miltenyi, Germany, 130--096-616) lymphocytes (Panel 1): whole T cells (hCD3+ (Miltenyi, Germany, 130--109-462)), CD4 + T cells (hCD3+ hCD4+ (Miltenyi, Germany, 130--092-373)), CD8 + T cells (hCD3+ hCD8+ (Miltenyi, Germany, 130--096-561)); human tumor cells expression (Panel 2): hCD146 (ThermoFisher Scientific, 12--1469-42) and hPD-L1 (BioLegend, 329708). Tumors were harvested, weighed and subsequently dissociated with human tumor dissociation kit on the gentleMACS TM Octo Dissociator according to the manufacturer's instructions (Miltenyi, Germany). After dissociation, cells were washed and stained with antibodies 30 min at 4°C in the dark and then suspended in PBS. Samples were acquired on the Attune Nxt (Life technologies). The populations were gated with forward and side scattering (FSC-A/SSC-A dot plot) in leukocytic regions (Supplementary Figure 5). Flow cytometry analysis was performed on FlowJo v10 software.

Statistics {#S0004-S2008}
----------

Data were reported as mean ± SEM or as indicated. Statistical analysis was performed with GraphPad Prism software version 7 (La Jolla, CA, USA). A Mann-Whitney test was used to compare two groups. Therapeutic synergy was assessed with the FTV calculation method. FTV (mean tumor volume experimental)/(mean tumor volume control) provided the expected outcome: (Mean FTV of Pembrolizumab) x (mean FTV of Virus) provided the observed outcome: (Expected FTV/observed FTV). A ratio of \> 1 indicates a synergistic effect, and a ratio of \< 1 indicates a less than additive effect.
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###### Supplemental Material

[^1]: Color versions of one or more of the figures in the article can be found online at [www.tandfonline.com/koni](http://www.tandfonline.com/KONI).

[^2]: Eight mice per group in groups I -- VI; six mice/group in groups VII and VIII. Abbreviations: OV: oncolytic virus, ONCOS-102
